.
Rheological parameters such as flow behavior index, apparent viscosity, and viscoelasticity of cornmeal dough have been widely researched, but there is a scarcity of literature about the cornmeal as an ingredient itself (Padmanabhan & Bhattacharya, 1993) . Therefore, knowledge of the flow behavior of cornmeal will aid in determining whether the material has undergone any significant chemical or physical changes during handling.
Flowability of ground and powdered materials is defined as the ease with which a material will flow under a specified set of conditions (Prescott, Ploof, & Carson, 1999) . Hence, a material with good flow characteristics is one that flows consistently without assistance.
However, flowability is not an inherent property of a material, so it can never be expressed as a single value or index but rather as a combination of material's physical properties that affect flow (Goodridge, Tuck, & Hague, 2012; Lopes Neto, Meira, & do Nascimento, 2017) .
Additionally, flowability is affected by particle size distribution, particle shape and density, chemical composition of the particles, moisture, and temperature, among other factors (Aulton & Taylor, 2017; Barbosa-Canovas, Harte, & Yan, 2012; Fitzpatrick, Barringer, & Iqbal, 2004; Ganesan, Rosentrater, & Muthukumarappan 2008; Opalinski, Chutkowski, & Stasiak, 2012; Sandler & Wilson, 2010; Schulze, 2008; Sokhansanj, Mani, Stumborg, Samson, & Fenton, 2006) .
The amount of moisture present in the ground material can drastically change its flow characteristics and storage stability. Moisture isotherms relate to a material's flowability. As the material absorbs moisture from the environment, its flowability decreases because the increased thickness of the material's absorbed liquid layer increases the strength of liquid (capillary) bridges developed between particles. This process continues during storage which can lead to caking and crust formation (Barbosa-Canovas et al., 2012) or line buildup. Hence, the hygroscopic classification of cornmeal is needed to predict storage stability.
Ground and powdered material flow is also affected by the equipment being used. For instance, wall friction between the particles of the material and the walls of the storage container may impede the flow by providing higher resistance to the particles. While a ground material with good flow properties would be ideal for an application, oftentimes, conditioners are required to increase its flowability. Conditioners or anticaking agents prevent caking and affect flowability as they act as a barrier between the particles, thereby reducing the attractive forces that would cause an inhibition of flow. Conditioners can also reduce the friction between the material particles by acting as lubricants. The following is true in most cases for powders and granulated materials: (a) The finer the powder, the stronger the cohesive forces; and (b) the more inhomogeneous the grain size distribution, the higher the tendency to clump (Hollenbach, Peleg, & Rufner, 1982; Peleg & Mannheim, 1973) . These compounds must be effective at low concentrations, and their use is limited to a restricted level of 1.0%-3.0%.
Based on the variability of currently property data, the main goal of this study was to obtain useful engineering data on cornmeal physical and flow properties to better characterize the behavior and predict storage and processing stability of the material.
| MATERIAL S AND ME THODS

| Materials
Quaker ® Yellow Corn Meal (The Quaker Oat Company) was purchased at a local market (HEB) and stored at room temperature (25°C) in sealed glass jars until further use. Calcium stearate (Spectrum Chemical Manufacturing Corp.) was used as a flow conditioner (anticaking agent) and stored at room temperature (25°C) until further use.
| Experimental design
Experiments for characterization of the flow behavior of the cornmeal consisted of two factors (moisture content and concentration of calcium stearate) at four levels each. Moisture content varied as 10.0%, 13.5%, 17.0%, and 20.0% wet basis, while calcium stearate concentration varied as 0.0%, 0.55%, 0.75% and 1.00% wt/wt, for a total of 48 studies.
| Physical and flow properties
| Moisture content and sorption isotherms
The moisture content of the cornmeal samples was determined by the oven dry method, modified for use. The modification consisted of drying the sample at 105°C for 24 hr instead of at 130 ± 3°C for 5 hr for complete removal of moisture of the samples without degradation. A calculated weight of RO water from a pipet was added to the samples depending on the moisture content to be achieved, and the moisture throughout the sample was distributed by manual stirring for at least 5 min to achieve uniform moisture distribution (Eaves & Jones, 1972) . Next, 4-5 g of sample was placed in round, flat-bottomed dishes with a tight-fitting slipin cover previously dried at 50°C in an air oven (VWR) for 24 hr, cooled in a desiccator (Vacuum Desiccator, VWR), and weighed with cover using an analytical balance (Sartorius AC 210 S MC 1) soon after attaining 25°C. The cover was leaned against the dish and placed in the air oven at 105°C, and the samples were allowed to dry for 24 hr for complete removal of moisture (AOAC, 1990) , transferred to the desiccator with the cover placed to close the dish, and allowed to cool to room temperature. Three repetitions were done for each sample, and moisture content was calculated on a wet and dry basis as,
where W w is the weight of water in the sample (kg), W s is the weight of the sample (kg), and W d is the weight of the dry sample (kg).
(Ad)sorption isotherms for the cornmeal at 25°C were constructed using the standard procedure with saturated salt solutions (Labuza, Kaanane, & Chen, 1985) . The samples were prepared by drying in a vacuum oven (Lab-Line Instruments, Inc.) for 6 hr at 70°C. Approximately 5 g of sample was placed in a petri dish and kept in five-inch desiccators (Thermo Scientific) containing a particular salt solution. The dried samples in the desiccator were placed in an incubator (Curtin Matheson Scientific, Inc.), which was maintained at 25°C. The weight of the samples was determined at 2-day intervals for about a week until they reached equilibrium (Debnath, Hemavathy, & Bhat, 2002) . The moisture content was determined using Equations (1) and (2). Relative humidity values were converted to water activity by multiplying by 100. Three readings for each sample were taken to determine the moisture content. The moisture isotherms can be described as Region I, representing water that exists as a monolayer that is tightly bound to ionic groups such as anions and carboxyl groups (references);
Region II representing the multimolecular moisture, which is less firmly bound than the water in Region I, and Region III, in which the moisture exists as free water which is easier to remove (Labuza et al., 1985) . The moisture content versus water activity data were fitted to several mathematical models to determine the best predictive equation (Table 1 ).
| Degree of hygroscopicity
A modified version of the method by Callahan et al. (1982) was used in this study so that characterization could be done with minimum amount of sample without mold growth (5 days). The degree of hygroscopicity or the ratio of change in equilibrium moisture content when subjected to a given change in water activity (Equation 3) was obtained from the slope of the moisture isotherm ( Figure 1 ).
Materials with high value of degree of hygroscopicity have high water uptake potential and would therefore be classified as highly hygroscopic. The initial and final weights were recorded using an analytical laboratory balance (Sartorius AC 210 S MC 1) and
where degree of hygroscopicity is in g H 2 O/100 g dry sample/a w, and ΔX is the change in the EMC (d.b.) for a given change in water activity (a w ) in the sorption isotherm. The hygroscopicity of the samples was also classified in terms of the amount of moisture absorbed by the sample on achieving equilibrium moisture content ( 
| Bulk, tapped, and particle densities and porosity
Bulk density was measured according to the specifications of ISO 3923/1 standard as mentioned by Wong (2002) . Approximately 50 g of powder at 25°C was poured in a conical funnel with 1-inch outlet port, which was blocked at the discharge outlet. A graduated cylinder was placed below the funnel discharge outlet. The powder was filled in the graduated cylinder on the removal of the plug, which was placed to block the outlet of the funnel. Excess powder was removed, and three replicates for bulk density were conducted using the ratio of mass of the powder and the volume of the powder in the cylinder as,
where W s is the weight of the sample (kg), and V s is the volume occupied by the sample (m 3 ).
The tapped density was measured by tapping the graduated cylinder 100 times on a bench so that the powder settles down and no more settling is visible. The tapping process consisted of two taps per second on average. The density was calculated as
TA B L E 1 Mathematical models tested for prediction of sorption isotherms at 25°C
Model Expression
Modified BET (Aguerre, Suarez, & Viollaz, 1989 )
Halsey (Halsey, 1948 
(2) Smith (Smith, 1947) 
Henderson (Henderson, 1952 
Oswin (Oswin, 1946 
Guggenheim-Anderson-de Boer-GAB (Van den Berg & Bruin, 1981)
Peleg (Peleg, 1993) X = K 1 a n 1 w + K 2 a n 2 w (10)
F I G U R E 1 Moisture isotherms and determination of degree of hygroscopicity (g H 2 O/100 g dry sample/a w ) for yellow cornmeal samples at 25°C
where V t is the volume occupied after tapping (m 3 ).
The particle density was measured using a helium multipycnometer (Quantachrome MVP 4AC232). The procedure involves allowing helium, which is under pressure to flow from the reference cell into a cell containing a sample of material, and the particle density was obtained by taking the ratio of mass of the sample (W s in kg) and the average particle volume (V p , m 3 ):
The porosity of the sample was determined using the equation below:
where ∅ is porosity (%), V is bulk volume of the bulk (m 3 ), and V p is particle volume of the bulk (m 3 ) from Equation (6). All tests were performed in triplicates.
| Angle of repose
The angle of repose, α, corresponds to the flow properties of the material and is a direct indication of potential flowability. In general, angles of repose below 30° indicate good flowability, 30°-45° some cohesiveness, 45°-55° true cohesiveness, and >55° sluggish or very high cohesiveness and very limited flowability (Carr, 1965; Geldart, Abdullah, Hassanpour, Nwoke, & Wouters, 2006) . Hence, the lower α, the easier the material flows. This property is mostly used to design belt conveyors for transport of the materials.
The angle of repose was measured based on ASTM C1444 standard method (ASTM, 2000) by pouring the sample into a funnel, which was held at a fixed height above a flat base as described by Bodhmage (2006) . The funnel outlet was kept at a height of 6 cm above the base as per ISO 3435/1. The sample was poured in the funnel at a constant rate manually until the tip of the powder cone touched the funnel nozzle. The diameter of the cone formed was measured at the base in four places to determine the angle of the cone based on the following formula:
where H is the height of the cone (m), and R is the mean radius of the cone base (m).
The cornmeal was collected on the flat base and the average of the angle between the horizontal and the slope of the sample on both left and right sides taken (Emery, Oliver, Pugsley, Sharma, & Zhou, 2009 ). This test was repeated three times for each treatment.
| Hausner's ratio (HR) and Carr's Index (CI)
The Compressibility Index (Carr's Index) and the Hausner's ratio (HR) are both measures of the material's ability to settle and help to assess the relative importance of interparticulate interactions as they influence flowability (Shah, Tawakkul, & Khan, 2008) . When a powder-like material is free-flowing, such interactions do not hold huge significance, and the bulk and tapped densities have similar values. On the contrary, when there are poorer flowing materials, there are usually greater interparticulate interactions and the values of bulk and tapped density are very different. These two parameters were calculated as shown below:
The values for HR and CI given in Table 2 were used to classify the flow behavior of the cornmeal samples.
| Particle size distribution
Particle size and distribution affect the flow properties of materials such as cohesiveness, angle of repose, and angle of internal friction. Particle size analysis was carried out using a LS 13 320 multiwave length laser diffraction particle size analyzer (Beckman Coulter Inc.), which uses the theory of Mie scattering, Fraunhofer (Callahan et al., 1982) . b Carr's Index and Hausner's ratio to characterize flow type (Shah et al., 2008) diffraction, and polarization intensity diffraction scattering (PIDS) (Althaus, 2009 ). The instrument measures particle size over the range of 0.017-2,000 μm. The scattering pattern is based on the angle at which the light gets scattered, which is characteristic of the particles size. The LS 12 320 uses a 780-nm laser as light source, which is accompanied by 126 detectors that measure the intensity of light at varying scattering angles. In this study, approximately 10 g of cornmeal powder was placed in a beaker and analyzed. The mean diameter was given by, & Ahrné, 2015) . The flow function is defined as measure of the internal resistance to flow of a powder, often manifested in its ability to form a blockage in a hopper or feeder (Berry, Bradley, & McGregor, 2015) . In other words, it describes the ability of the material to shear on itself at various applied consolidation pressures. The material will flow once the yield stress is overcome by the force acting on it. where σ is the shear stress (Pa), ∅ i is the angle of internal friction, σ is the normal stress (Pa), and C is the cohesion (Pa).
| Flow function
Studies have shown that ∅ i alone is not the most dominant factor since moist powders exhibit cohesion despite suffering a decrease in the angle of internal friction (Mohsenin, 1970; Peleg & Mannheim, 1973) . The angle of wall friction, ∅ w , helps to understand the effect of moisture on the walls of the container holding the sample. A flat wall friction lid was used to measure the friction between the powder particles and the wall using a 263 cm 3 trough using the Brookfield Powder Flow Tester (Brookfield Engineering Laboratories Inc.). A wall yield locus was constructed for the powder being tested based on the maximum shear stress developed between the bulk powder and the wall material under the three normal stresses before the steady-state flow occurs. The wall friction angle was calculated by measuring the shear stress required to move the powder continuously across a stainless-steel surface under three normal stresses, 4.8, 3.2, and 1.6 kPa, applied in order of decreasing normal stress as, where ∅ w is the angle of wall friction, and µ is the coefficient of wall friction calculated from the slope of the straight line plotted from the origin and intersecting the maximum wall yield locus at a normal stress value of 4.8 kPa.
All tests were carried out with three replications unless otherwise noted. Correlations among the different properties were established using JMP 13 statistical software.
| RE SULTS AND D ISCUSS I ON
| Moisture sorption and degree of hygroscopicity
All the tested samples showed type II sigmoid isotherms typical of food materials (Figure 1) . The curve shows an asymptotic trend as the water activity tends toward unity. At water activity values below 0.7, the rate of moisture absorption, represented by the EMC, is slower compared to the rate of absorption at higher water activity values. Although Peleg's model ( Equation 8 ) is a better choice (R 2 = .999) because it incorporates the monolayer adsorption phenomenon ( Table 3 ). The other models evaluated in this study proved to be less adequate. All the samples are good moisture adsorbers with an average gain of 16 g H 2 O per 100 g dry sample/A w . This finding was supported by the Class IV classification materials (Table 2 ).
| Density and porosity
The bulk density of samples without calcium stearate changed (p > .05) from 626.14 ± 7.124 to 546.96 ± 5.608 kg/m 3 when moisture content increased (Table 4 ). This is an expected finding since the volumetric expansion of the bulk sample is greater than the increase in the mass, resulting in lower bulk density (Kashaninejad, Ahmadi, Daraei, & Chabra, 2008) , and the higher the moisture content of the cornmeal material, the greater the need for storage space due to increase in volume of the bulk. Similar to a study on powdered sucrose (Peleg & Mannheim, 1973) , the bulk density of cornmeal increased with the addition of calcium stearate, with the effect being more significant (p < .05) at higher concentrations of conditioner.
The tapped density of samples without conditioner decreased from 695.66 ± 3.76 kg/m 3 to 708.23 ± 5.82 kg/m 3 as moisture content varied. The mean tapped density increased (p < .05) at the higher moisture content (17% and 20% wb) and the higher amount of conditioner added. When tapped, the particles come closer together and start to fill the voids between them, resulting in better packing fraction (Bodhmage, 2006) . The samples at higher moisture content had liquid bridging between the particles, leading to an increase in bulk volume. This volume decreased when the samples were subjected to tapping causing the bridges to break. Hence, subjecting powdered and granulated materials to vibrations during storage, distribution and handling will result in an increase in tapped density values, which may cause flow problems in silos. Similar trends have been reported for pharmaceutical powders (Emery et al., 2009; Lam et al., 2008) .
The particle density of samples also decreased (p < .05) with increasing moisture. This decrease can be attributed to the drastic increase in the volume of the cornmeal compared to the mass of the particles. Basically, the volumetric expansion occurs faster than the increase in the mass of the particles. This property also increased with the addition of calcium stearate, with the effect more significant (p < .05) at higher concentrations of conditioner. The particles of the conditioner, being smaller in size, adhered to the particles of the cornmeal, which led to an increase in the particle density. After a certain point, the particles of the conditioner were no longer able to adhere to the particles of the cornmeal and segregated out in the bulk sample, leading to a drop in particle density.
The porosity ranged between 53.25% and 56.62%, suggesting irregularities in particle shape since particles with an average porosity of 40% are said to be spheroidal in shape, while a higher porosity Note: X 0 , K 1 , and K 2 are parameters for the models (Table 1) . Abbreviation: SSE, sum of squared errors of prediction.
TA B L E 3 Parameters for the best sorption models for yellow cornmeal at 25°C value refers to irregular shaped or small particles (Woodcock & Mason, 2012) . The samples with 1.00% conditioner and 20% moisture content (w.b.) had closer values of particle density and bulk density, mostly because the particle density was significantly affected (p < .05) by the presence of calcium stearate, and high moisture content led to a decrease in particle density.
| Hausner's ratio and Carr's index
Higher HR and CI values indicate reduced flowability. Increased moisture content increased (p < .05) the Hausner's ratio (HR) and
Carr's Index (CI) of samples without conditioner, indicating reduced flowability (Tables 2 and 5 ). As the particles start to rearrange and fill in the voids, the cornmeal attains higher density, which gives rise to stronger van der Waals forces between the particles, thus increasing the number of contact points (Mani, Rosentrater, & Muthukumarappan, 2006) . This force along with an increase in forces due to liquid bridging at higher moisture content results in decreased material flowability (Aulton, 2013; Peleg, 1977) .
The impact of adding conditioner to the cornmeal samples is illustrated in the HR values ( Figure 2) . Similar results were obtained for the Carr's Index (Figure 3) . The samples at 10.0% moisture content and 0.50% wt/wt calcium stearate displayed excellent flow properties-lowest mean values for HR and CI. Useful predictive relationships between Hausner's ratio and Carr's Index with moisture content (MC) and concentration of calcium stearate (CS, % w/w) at 25°C were developed (Table 5 ).
| Angle of repose
In general, the more free-flowing powders tend to possess smaller drained angles of repose. The angle of repose, α, did not change (p > .05) when calcium stearate varied at a fixed moisture content (Table 5) . This trend is similar to the one observed for Hausner's ratio and Carr's Index. However, at a fixed concentration of calcium stearate, α increased (p < .05) as moisture content increased due to increased cohesion between the particles, thus making the flowability of the cornmeal sample more difficult. The most unfavorable situation was at 20.0% moisture content because at each concentration of calcium stearate, the value of α was highest. It is worth noting that the method used to measure this property yielded very variable results each time, and it is not recommended for use in characterization of cornmeal flow properties.
| Particle size and particle size distribution
There is a direct correlation between the size of particles and the flowability of the materials, though moisture content played a more influential role in decreasing the flowability as the particle size increased with increasing moisture content. Table 6 shows that the distribution is mostly narrow for varying moisture contents. Particles with narrow particle size distribution have better flow characteristics than powders with wider particle size distribution (Benkovic & Bauman, 2009 ). Mean particle size varied from 567.2 to 629.2 µm as moisture content and concentration of calcium stearate varied. Although at fixed concentrations of calcium stearate and varying levels of moisture, the mean particle size increased with increasing moisture content, the change was not significant.
| Flow function, angle of internal friction, and angle of wall friction
All the samples can be characterized as easy flowing except for the cornmeal at 20% moisture (ff c value <4) ( (Table 7) .
| Correlation between physical properties and flow behavior of yellow cornmeal
The physical properties of cornmeal powder do have a major impact on its flowability. Flow properties may be determined using a shear tester, but this procedure is time-consuming and expensive, whereas physical properties such as bulk and tapped density are easy to measure. Correlations between Hausner's ratio (HR), Carr's Index (CI), particle size, angle of repose (α), and angles of internal (∅ i ) and wall friction (∅ w ) with the flow index (ff c ) were established.
There was a strong positive correlation between HR, CI, and α, as the two indices increased with increasing angle. Therefore, either index may be used as a reliable measure of the flow index of cornmeal powder and the relationships can be described as (R 2 = .90),
Although studies correlate an increase in particle size with increased angle of repose, results from this study indicate that α was not significantly affected by particle size. Therefore, it is recommended not to use particle size data to predict the angle of repose of (15) ff c = 8.54HR −3.07 .
(16) ff c = 21.61CI −0.54 .
TA B L E 6 Mean particle size (µm) and particle size distribution of yellow cornmeal as a function of moisture content and calcium stearate concentration (T = 25°C) cornmeal samples. Similarly, though the flow index did not correlate well with the internal angle of friction, it showed a strong negative linear relationship with the angle of wall friction; as ∅ w increased, ff c decreased and the sample did not flow as easily.
| CON CLUS ION
Bulk density decreased while tapped density increased significantly (p < .05) with increasing moisture content, which affected the flow behavior by resisting flow. In terms of the Hausner's ratio and Carr's Index, the flowability of cornmeal improved with the addition of 0.50% wt/wt of calcium stearate. Beyond this concentration, the effect was not significant, suggesting there is a limit to the conditioning capability of the stearate.
Particle density and porosity were not very significant in predicting the flow behavior. The values of porosity did not follow any specific trend and were difficult to relate to the flow behavior of cornmeal powder. The flowability decreased with increase in moisture content. Particle size increased with increasing moisture con- It is well known that when hygroscopic powders are exposed to a high relative humidity environment, they will tent do agglomerate and cake, and the presence of anticaking agents does not always help alleviate this issue. Therefore, isotherms together with physical properties should be used to determine the flow characteristics of granulated materials such as cornmeal and determine the best storage and processing conditions.
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